This article assesses the feasibility and benefits of converting the Iranian heavy water research reactor, IR-40, from using natural uranium to low-enriched uranium fuel. Based on neutronics calculations for a detailed model of the two reactor configurations, a conversion would result in a smaller core with a subsequent reduction and degradation of plutonium production. It is argued that the proposed conversion will provide Iran with a research reactor that is better suited for scientific experiments and radioisotope production than IR-40 in its original configuration. It is proposed to introduce the converted IR-40's fuel consumption requirements as a natural cap for Iran's future enrichment efforts.
Introduction
Iran is currently constructing a 40 MW th heavy water research reactor fuelled with natural uranium (NU) near the city of Arak. The construction of the reactor started in 2004, and it is scheduled to commence operations in 2014. 1 Once the reactor starts operating, it is estimated that it can produce based on an indigenous reactor design, but Iran has also been consulting with foreign experts on the development of certain parts of the reactor. 10 , 11 The thermal output of the reactor is stated to be 40 MW th in order to achieve a neutron flux of 10 13 -10 14 n/cm 2 s. 12 The fuel for IR-40 is currently being produced at the Fuel Manufacturing Plant (FMP) in Esfahan, and will be made from natural uranium dioxide (NUO 2 ) clad in Zircaloy. 13, 14 One NOU 2 rod produced at FMP is currently being tested at the TRR. 15, 16 Newer IAEA safeguard reports have stated that particular parts for the reactor have been delivered to the reactor site and installed. 17, 18, 19 In 2010, a pressurizer for the reactor cooling system was installed, and in 2011 a moderator heat exchanger and a coolant heat exchanger were also installed. The existence of separate coolant and moderator heat exchangers and a pressurizer indicate that IR-40 might employ a pressure tube design with separate coolant and moderator circuits, such as in the Canadian CANDU and the Russian RBMK reactor types. 20 Evidence collected from satellite images of the construction site of the reactor is consistent with the stated maximum thermal output of the reactor. The IR-40 will use a mechanical draft cooling tower with four fans for heat dissipation (Figure 1 ). The maximum effect that can be dissipated by such draft towers is 0.093 -0.116 MW th /m 2 . 21 As estimated from Figure 1 , the combined area of the draft towers is approximately 11 m x 40 m. The cooling capacity is therefore estimated to 44 MW th , which is consistent with the thermal output as declared by Iran. The satellite image ( Figure 1 ) also sets an upper limit to the size of the reactor pressure vessel by the opening at the base of the concrete dome. Unless the reactor vessel is installed in parts, or the opening in the concrete dome is enlarged, the diameter of the pressure vessel cannot exceed 5 -6 meters. In April 2009, a fuel assembly reportedly intended for the IR-40 was presented by Iranian officials during a press conference at the inauguration of the FMP (Figure 2a ). 22 The fuel assembly strongly resembles an RBMK-type fuel assembly. The Institute for Science and International Security (ISIS) later received confirmation that the fuel assembly displayed was indeed intended for the IR-40. 23 In a handout by the AEOI from 2011, a close-up of a fuel assembly similar to the one presented at FMP in 2009 is displayed (Figure 2b) . 26 The rods in the assembly are organized in two concentric circles. The assembly shown in Figure 2b appears to possibly contain 19 rods, which corresponds to the number of rods in one fuel region in an RBMK assembly. Several Iranian scientific papers published between 2007 and 2012 describe different aspects of one particular research reactor. The first paper published in 2007 describes a 40 MW th tank-type HWR where the moderator does not mix with the coolant. 28 Of the 40 MW th , 37 MW th is absorbed in the coolant and 3 MW th in the moderator. The core is composed of 150 fuel assemblies arranged in a triangular lattice with a lattice pitch of 26.5 cm. The temperature of the moderator and the coolant is 70 ˚C, and the pressure of both coolant and moderator is 0.28 MPa.
One paper published in 2010 shows the location of the different control rods used in a reactor consisting of 150 fuel assemblies arranged in a triangular lattice with a lattice pitch of 26.5 cm. 29 Some of the figures in the paper describe a reactor called IR-40. A paper published in 2011 describes a generic 40 MW th HWR converted to employ light water. 30 In the article, the original HWR fuel assembly consisted of 18 fuel rods, the same as the modified assembly. The modified assembly has an active fuel region of 343 cm. The paper provides a configuration of one modified fuel assembly and the modified core. The paper from 2012 provides an overview of a reactor layout containing 150 fuel assemblies, and describes a core that is 340 cm high, with a radius of 170 cm. 31 In our judgment, it is highly likely that the HWR discussed in these papers is indeed the IR-40, and that the dimensions provided are similar to its actual dimensions. The number of fuel rods and the length of the described fuel assembly match the dimensions of one fuel region in an RBMK assembly, as well as what Iran has displayed on two occasions (as described above).
32 , 33 The description of a separate coolant and moderator circuit also corresponds with information from the before mentioned IAEA safeguards reports. 34 , 35 Furthermore, there are no other known HWRs planned or under construction in Iran which these article could describe. The number of fuel assemblies mentioned in several papers also corresponds to the stated number of assemblies intended for the IR-40 reactor. 36 In 2003, Iran informed the IAEA that foreign experts had been consulted regarding the development of certain parts of the reactor. Based on interviews with "knowledgeable officials," ISIS received evidence that Russian expertise provided assistance in modifying the RBMK fuel rod design to be used in the IR-40 reactor. 37 This is plausible, given the fact that the RBMK reactors were developed by the Soviet Union. Compiling the information provided by these sources has led us to a conjecture of the IR-40 design. We assess that the fuel rods have the same radius as ordinary RBMK fuel, but without the characteristic hole in the middle of each fuel pellet. 38 The purity of the D 2 O is taken to be 99.75%. 39 We also assume that the pressure tubes is are made out of Zircaloy and be of the same dimensions as in RBMK reactors, 8 cm in diameter with a wall thickness of 4 mm. A list of specifications for IR-40 is given in Table 1 . The resulting core is illustrated in Figure 3 . The specifications in Table 1 yield a core that is 3.4 m high with a diameter of 3.2 m, giving a height-to-radius ratio of 2.1:1. 40 This corresponds to a total fuel mass of 10 tons of UO 2 and a power level of 4.6 MW th /tU. This is consistent with the target annual production capacity for NUO 2 fuel at the Fuel Manufacturing Plant in Esfahan, according to information provided to the IAEA by Iran in 2004.
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Figure 3: Illustration of the conjectured IR-40 core configuration. The innermost hexagons contain fuel assemblies inside individual pressure tubes, while the outermost hexagons contain D2O. Control rod positions are illustrated as small circles located between the pressure tubes inside the core.
The estimated reactor configuration was simulated using Standardized Computer Analyses for Licensing Evaluation (SCALE version 6.1, Oak Ridge National Laboratories Tennessee, USA). Neutronics calculations were performed using the TRITON control module in SCALE 6.1. TRITON couples the Monte Carlo criticality safety code KENO-VI with ORIGEN for deletion calculations. 43 The simulation resulted in an effective multiplication factor, k eff , of 1.06 for a fresh core without control rods or reactor poisons, which is reasonable for standard reactor operations. 44 The estimated annual production of WGPu at 100% capacity factor (i.e. percentage of time the reactor has been operating) was 10 kg. 45 This is in accordance with earlier published estimates. 46 The amount of plutonium produced and percentage of Pu-239 after 360 days of irradiation is shown in Table 4 . After being irradiated for 285 days the Pu-239 content in the fuel is reduced to 93%. The maximum thermal neutron flux is measured in the central empty tube position and is 1.4 × 10 14 n/cm 2 s, which is consistent with the stated target flux for the IR-40. The vacant positions outside the core achieve a thermal neutron flux of 1.9 × 10 13 n/cm 2 s. The overall consistency of these characteristics confirms that our model should be accurate enough for the purpose of our discussions.
The stated main purpose of the IR-40 is the production of radioisotopes for industrial and medical applications. The far most important radioisotope in this context is Mo-99, the parent nuclide of Tc-99m used for diagnostic nuclear medicine. 47 In a paper from 2003, the demand for Mo-99 in Iran was stated to be 20 Ci per week. 48, 49 To produce Mo-99, a small target made out of uranium is exposed to the neutron flux in a reactor. Mo-99 is produced as a fission product and later extracted from the target in a hot lab. 50 We have estimated Mo-99 production in the original IR-40
configuration. In the IR-40 core there is one free position in the center of the core and numerous vacant positions outside the core for irradiating targets. The central position receives a much higher thermal neutron flux and is better suited for radioisotope production. The vacant positions outside the core receive a lower flux than in TRR and would not provide a flux high enough for radioisotope production. 51 A small uranium target made out of pressed NUO 2 weighing only 100 grams was exposed to the highest flux in the middle of the central tube position. 52 The target reached an activity of up to 75 Ci of Mo-99 after seven days of irradiation, more than enough to supply Iran's stipulated weekly Mo-99 demand. The original IR-40 design thus seems suitable for sufficient production of Mo-99 to meet national needs, using only one target position. If a similar target with 19.75% LEU is used the activity in one target reaches 2090 Ci.
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A possible converted reactor core
For a conversion of the IR-40 to be realistic and feasible, as few physical features as possible should be altered from the original design. Important parameters such as the shape and placement of the fuel assemblies and the size of the reactor vessel are thus assumed to be fixed. The power output of 40 MW th is also retained in order to maintain a sufficiently high neutron flux and to avoid a costly enhancement of the cooling system. Furthermore we let the properties of RBMK fuel assemblies decide the maximum burn-up and heat development for the converted fuel assemblies. We choose to limit the burn-up to 25 GWd/tU. This is the mean burn-up of spent RBMK fuel, which varies between 20 and 30 GWd/tU. The heat generation is limited to the average linear heat generation of 150 -200 W/cm of the fuel rods. 54 The reactor is assumed to be converted from NU to LEU fuel. Previous conversion of a HWR from NU to LEU fuel has been undertaken at the National Research Reactor (NRU) in Canada. 55 We do not advocate replacing the heavy water coolant and moderator with light water.
Iran has already succeeded in completing and operating a heavy water production plant (HWPP) situated adjacent to its reactor complex. 56 The primary purpose of this plant is to produce coolant and moderator for the IR-40 reactor, but it also produces deuterated solutions for use in chemistry, particularly in nuclear magnetic resonance spectroscopy. 57 It is unlikely that Iran will abandon its costly and prestigious HWPP, let alone agree to limit heavy water production or export the heavy water instead of using it for its original intention. The increased reactivity provided by the LEU enables the construction of a smaller core. A smaller core is presented based on the limitations imposed by the use of RBMK assemblies and the desire to keep the power output at 40 MW th . 58 This results in a core made up of 60 fuel assemblies, in contrast to the original 150 assemblies. Each assembly consists of 18 fuel rods with an active fuel region of 240 cm and a fuel density of 10.1 g/cm 3 . This results in a core of 2.7 tons of UO 2 , a power level of 17.6MW th /tU, a linear heat generation of 154 W/cm and a height-to-radius ratio of 2.1:1. The purity of D 2 O is reduced to 99.00%. With a power level of 17.6 MW th /tU, the fuel may be irradiated for 1463 days, or four years at a 100% capacity factor before reaching 25 GWd/tU. The proposed converted core is illustrated in Figure 4 . The converted core contains 13 empty pressure tubes, which can be used for radioisotope production, scientific experiments or as additional control rod positions. 59 Thermal hydraulic calculations have not been performed, however, to validate the capacity of the cooling system to accommodate the increased heat generation per fuel channel. Different core configurations with fuel enrichment levels varying between 2.5% and 19.0% were simulated in SCALE to test which enrichment level produced the least amount of plutonium, and plutonium of the poorest quality, i.e. the plutonium mixture with the lowest share of Pu-239. The results for three enrichment levels are illustrated in Table 2 . A 19% enrichment level resulted in the lowest rate of plutonium production with less than 1.23 kg after one year, but the isotopic composition of the plutonium was weapons-grade. After four years of irradiation at 100% capacity factor, the fuel was still almost weapons-grade. Fuel enriched to below 5.0% had a lower content of Pu-239, but produced more plutonium in total than higher enrichment levels. Enrichment levels above 5% result in a high degree of excess reactivity, making these levels problematic for reactor construction. 60 Higher enrichment levels also result in low relative burn-ups. Therefor, only enrichment levels equal to or less than 5% were considered further. Since the use of enriched uranium leads to a higher excess reactivity, the enrichment was reduced below 5 % and various burnable poisons were evaluated to reduce the reactivity. 61 One possible reactor configuration was obtained using fuel enriched to 2.5 -3.0%, with 1.5% of erbium added homogenously to each fuel rod. 62 This is the same enrichment level and choice of burnable poison that is employed in RBMK fuel, although erbium is used in lower concentrations. 63 The addition of 1.5% erbium reduced the effective multiplication factor, k eff , from approximately 1.60 to 1.07. 64 During operation, k eff declines steadily towards one after about 810 -870 days of operation at 100% capacity factor. This corresponds to a fuel burn-up of approximately half of our limit of 25 GWd/tU. This shows that in terms of reactivity control, adding 1.5% erbium to 2.5 -3.0% LEU fuel enables a comfortable reactivity development. Lacking international experience with this particular choice of fuel and erbium concentration, however, means that a certain development and testing period needs to be taken into account, likely delaying start-up of the converted reactor somewhat. Russian RBMK fuel expertise could be made available to assist and facilitate this development.
Other options for lowering k eff could be reducing the quality of D 2 O further, or replacing the D 2 O coolant with H 2 O, to distort the neutron energy spectrum and increase neutron absorption. However, replacing the D 2 O coolant with H 2 O would lead to a higher so-called positive void coefficient. This is an inherent safety issue for reactors with separate cooling and moderator, including both CANDU and RBMK reactors, as well as the original and the modified IR-40 reactors. 65 In the case of an instantaneous loss of all D 2 O coolant, the reactivity for a fresh core increases with 18 mk from k eff = 1.108 to k eff = 1.126. The original and thus the converted IR-40 core has 27 positions available for control rods. 66, 67 If we assume that the control rods for IR-40 are of the same dimensions as RBMK control rods, the insertion of only the 15 innermost control rods provide a reactivity reduction of 220 mk and would be sufficient to retain reactor control. 68 The maximum thermal neutron flux of the converted reactor is about 1. Table 3 . The maximum thermal flux is about the same for the two cores, but the converted core has 12 additional vacant positions inside the core with a flux high enough for radioisotope production. This means that the converted core can potentially produce a greater amount of radioisotopes than the NU core while at the same time conduction other experiments. The production of plutonium in the converted reactor is shown in Table 4 . The mass of plutonium produced is reduced by about 2/3 compared to the original configuration, yielding 3.8 kg after one year of irradiation at a capacity factor of 100%. The isotopic composition of plutonium drops below weapons-grade after 240 days of irradiation, and the level of Pu-239 is reduced to 76.7% after 780 days of irradiation, which is close to the maximum operating time before refueling is needed. Although the isotopic composition of plutonium is not classified as weapons grade after 240 days of irradiation, it is still weapons useable. Depending on the capacity factor, 2.7 tons of approximately 3.0% LEU (in reality, about 50% is 3.0% LEU, 30% is 2.75% LEU, and 20% is 2.5% LEU) would need to be replaced after 810 -870 days. An annual enrichment capacity of 1700-3400 SWU is required to produce this amount of LEU, assuming a capacity factor varying between 50 − 100%. 70 , 71 The initial core will consume approximately half of the LEU that Iran has already produced and stockpiled by March 2012. Most of the LEU would need to be slightly blended down to the stipulated enrichment levels, as the current levels are up to 5.0% uranium-235. 72 Iran's annual, total enrichment capacity per March 2012 was on the order of 6000 -9000 SWU. 73 We propose a cap on Iran's total enrichment capacity matched exclusively to the needs of the modified IR-40. Such a limit may be acceptable to world powers in a final settlement, defining the terms for the future Iranian nuclear program. This level would, however, require a significant reduction of Iran's current enrichment capacity. Another option, which will appear more attractive for Iranian decision-makers and correspondingly harder to accept for the major powers, would be to restrict enrichment to the needs of all of Iran's research reactors, possibly including future research reactors.
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The contentiousness of the latter option is illustrated by the increasing concern expressed by several states regarding Iran's enrichment of near-20% LEU to fuel the TRR. Iran has increased this production even though one of the arguments for constructing the IR-40 was the need to shut down the over 40 years old TRR. 74 Any excess fuel for the TRR could be blended down to lower enrichment levels. Limiting not only the quantities, but also the enrichment levels achieved, may be useful to alleviate concerns of Iran realizing a rapid break-out capability in facilities normally producing LEU at levels considerably higher than 5%.
Policy implications
We have described a probable design for the IR-40 heavy water research reactor currently under construction near Arak in Iran. Given the information available, we contend that the IR-40 will be a pressurized heavy water reactor with RBMK-derived fuel assemblies placed in individual pressure tubes. In its current configuration, the IR-40 may provide enough fissile material for up to two plutonium-based nuclear weapons annually. Further, we have proved the feasibility of converting this reactor to employ LEU fuel while retaining most of its original design features, using neutronics calculations. There is still a need to validate the alternative design by thermal hydraulic calculations. There are, obviously, many ways of constructing a HWR using LEU fuel within the given constraints. We have chosen one particular design for the sake of the argument, without excluding the possibility of selecting quite different design features to achieve the same overall benefits.
The converted reactor, as specified in this paper, would be more flexible for radioisotope production than the original reactor, thus fulfilling an important and legitimate need for Iran. Of particular importance for the international community, under regular safeguarded operations the converted reactor would be less suitable for plutonium production. The converted core would result in a 2/3 reduction of annual plutonium production, and the isotopic composition of the plutonium would be less suited for nuclear weapons. The free positions inside and outside the core could be used to irradiate natural or depleted uranium (as blankets or targets), but with proper IAEA safeguards in place, any such deviations would not go unnoticed by regular inspections. 75 Alternatively it would still be possible to produce WGPu by irradiating the fuel for a conspicuously short time, but as for every other safeguarded reactor, any such operational deviation would be detected by the IAEA in a timely fashion under the current safeguards practice, providing the world community with some time to muster a proper political response before any nuclear weapons option could be realized. 76 The proposed fuel enrichment levels, as well as the choice of erbium as a burnable poison, brings the modified IR-40 fuel closer to commercial RBMK fuel. This in turn opens up the possibility of (reestablishing) cooperation between Iranian and Russian experts in fuel development and testing, thus adding another layer of transparency.
Another major, technical benefit of the proposed modification of the IR-40 is an increased number of free positions in the core compared to the original core configuration. These extra positions represent an enhanced capacity for radioisotope production and basic physics experiments.
From the major powers' perspective, the non-proliferation gain is twofold. A conversion will render the IR-40 less proliferation-prone, in terms of reduced plutonium production and coupling its fuel needs to a limitation in the much disputed enrichment efforts. Such an effort represents a potentially significant compromise to alleviate international concerns that Iran's enrichment program will be further ramped up. Thus providing Iran with an option for rapid production of weapons-grade uranium. 77, 78 Ideally, a reactor conversion along the lines of this paper should be presented by Iran as a major national achievement, providing it with a more advanced research reactor, while establishing a face-saving rationale for reducing the enormous amounts of resources currently being funneled into an enrichment program, which 25 years after its initialization still seems years away from a commercially viable technological level. A small-scale enrichment infrastructure dimensioned to serve a medium-sized research reactor, rather than serving a large-scale nuclear power program, would still represent a realization of Iran's "inalienable right" to develop fuel cycle technology without the need for an extremely costly capacity enhancement. The flip side of the coin from Tehran's perspective is that Iran for all practical purposes relinquishes its ambitions of fuel selfsufficiency in the nuclear power sector. But if such a decision serves as a catalyst for a long-term easing of tensions between Iran and the major powers, Iranian concerns of discrimination in the international uranium fuel market should be reduced, possibly and preferably augmented by the provision of fuel supply assurances from Russia or other major fuel suppliers.
In sum, we have demonstrated that former Deputy Director General Heinonen's proposed reactor conversion is feasible. When linked to Iran's enrichment efforts, a conversion could prove useful in reducing concerns of potential weapons grade plutonium and highly enriched uranium production in Iran, while leaving Iran with a more meaningful fuel cycle and research reactor infrastructure. 38 No fuel pellets seen in Iranian photographs seem to contain holes. The operating temperature stated for the IR-40 is lower than that for RBMK reactors, thus rendering it unnecessary to introduce holes in the pellets. 39 99.75% heavy water purity is the required level of purity for CANDU reactors. John R. Lamarsh and Anthony J. Baratta, op. cit., p. 217. 40 This ratio is consistent with the geometry of cylindrical core reactors such as the Indian Dhruva and the Canadian NRU reactors. The ratio corresponds to the cylindrical configuration most closely resembling a sphere, allowing maximum volume per surface area. 42 Assuming they spend one complete core per year, corresponding to a burn-up on the order of 1.5GWd/tU, which is reasonable for this kind of reactor. 43 Mark. D. DeHart, "HIGH-FIDELITY DEPLETION CAPABILITIES OF THE SCALE CODE SYSTEM USING TRITON", Oak Ridge National Laboratory. 44 k eff is a measure of reactivity, defined as the number of neutrons in one fission generation divided by the number of neutrons in the previous generation. k eff equal to one corresponds to criticality, with a constant neutron population. For a reactor to be able to start operation, k eff must initially be greater than one. It can then be reduced to one by reactivity-reducing mechanisms, such as control rods, as soon as the desired neutron flux has been achieved. 45 A capacity factor of 100% is used throughout the paper to illustrate the upper boundaries of plutonium production. Realistically, a capacity factor of 70 -80% would be more probable. 10 Bq, where 1 Bq is one radioactive disintegration per second. "Curie" is a commonly used unit in nuclear medicine, although "Becquerel" is an otherwise more widely accepted unit for radioactivity. pp. 883-895. 50 Iran will likely seek to produce iodine and xenon isotopes, in addition to molybdenum, in the IR-40. A hot cell facility at Tehran Nuclear Research Center, the so-called "MIX facility", was slated for the production of molybdenum, iodine and xenon, but it has never been commissioned, because the TRR has been unable to reach the necessary flux level for isotope production using natural uranium targets. The IAEA, GOV/2004/83, op. cit. 51 The maximum thermal neutron flux of TRR is calculated to be 5.7 × 10 13 n/cm 2 s, R. Sayareh et al., op. cit.
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